Crops and livestock play a synergistic role in global food production and farmer livelihoods. Increasingly, however, crops and livestock are produced in isolation, particularly in farms operating at the commercial scale. It has been suggested that re-integrating crop and livestock systems at the field and farm level could help reduce the pollution associated with modern agricultural production and increase yields. Despite this potential, there has been no systematic review to assess remaining knowledge gaps in both the social and ecological dimensions of integrated crop and livestock systems (ICLS), particularly within commercial agricultural systems. Based on a multi-disciplinary workshop of international experts and additional literature review, we assess the current knowledge and remaining uncertainties about large-scale, commercial ICLS and identify the source of remaining knowledge gaps to establish priorities for future research. We find that much is understood about nutrient flows, soil quality, crop performance, and animal weight gain in commercial ICLS, but there is little knowledge about its spatial extent, animal behavior or welfare in ICLS, or the tradeoffs between biodiversity, pest and disease control, greenhouse gas (GHG) mitigation, and drought and heat tolerance in ICLS. There is some evidence regarding the economic outcomes in commercial ICLS and supply chain and policy barriers to adoption, but little understanding of broader social outcomes or cultural factors influencing adoption. Many of these knowledge gaps arise from a basic lack of data at both the field and system scales, which undermines both statistical analysis and modeling efforts. Future priorities for the international community of researchers investigating the tradeoffs and scalability of ICLS include: methods standardization to better facilitate international collaborations and comparisons, continued social organization for better data utilization and collaboration, meta-analyses to answer key questions from existing data, the establishment of long term experiments and surveys in key regions, a portal for citizen science, and more engagement with ICLS farmers.
Introduction
The last century has brought remarkable transformation in global food systems via the proliferation of non-draught powered farm machinery, improvements in plant and animal genetics, the invention of synthetic fertilizers, and increased trade (Busch and Bain, 2004; Foley et al., 2011) . While many of these changes have contributed to increasing global food production, another consequence has been the de-coupling of crop and livestock systems and a loss of agricultural diversity at both the field and territorial (regional) scales in many countries (Naylor et al., 2005) . Although these two functional groups of agricultural production worked for hundreds of years in a synergistic capacity on rural landscapes throughout the world (FAO, 2010) , crops and livestock are increasingly produced in isolation, separated in some cases by great distances (Peyraud et al., 2014) , particularly in commercial-scale farms -farms that sell a majority of their production (Robinson et al., 2011) . This de-coupling has engendered major changes in production practices and agricultural supply chains and numerous social and environmental externalities (Naylor et al., 2005) . It has been suggested that re-integrating crop and livestock systems at the field or territorial level (by co-locating them in space and over time) (Bell and Moore, 2012) could help solve many of the social, economic, and environmental challenges that our global food system now faces (FAO, 2010; Martin et al., 2016; Wilkins, 2008) . Some governments have even developed programs and policies to promote the re-integration of commercial scale crop and livestock systems in their countries (e.g. Australia's Grain and Graze program (http://lwa.gov.au/ programs/grain-and-graze) and Brazil's National Crop-Livestock-Forestry Integration Policy (Law 12,805/13).
The integration of crop and livestock systems may occur in a variety of forms. Examples of field level integration of crop and livestock systems include: i) grazing livestock on crops, crop residues, or forage cover crops, ii) phase farming, i.e., rotating pastures and cropland over several years, and iii) grazing of understory vegetation in vineyards or orchards. Examples of territorial integration include: i) cooperative arrangements between different farms to allow temporary grazing on crop residue, ii) regional planning to match supply and demand for livestock feed, and iii) trading animal wastes and crop residues between farms (Martin et al., 2016) .
Understanding the interactions between dynamic configurations of crops, forages, and livestock and the broader natural and human systems in which they are embedded requires models and data that span many disciplines and scales. Yet, research on social and ecological outcomes of different forms of ICLS, particularly within commercial farming systems (as opposed to subsistence farming systems), remains limited or regionally concentrated, minimizing the capacity to compare across systems and regions and advance a broader understanding about the cost and benefits of ICLS. Due to these research gaps it is hard to take stock of which questions we are currently able to answer with existing data and models, and where substantial capacity needs to be built to address present knowledge gaps and future questions.
For this reason, we convened a meeting of international scientists, practitioners, and modeling experts as part of a National Science Foundation "Science, Engineering, and Education for Sustainability" grant (#1415352). The meeting took place at the University of California, Davis in April, 2015 and was attended primarily by researchers from the two focal countries of the grant: Brazil and the United States, but also participants from other regions where commercial ICLS is also occurring at scale including New Zealand and Europe. During the two-day workshop, we addressed the following questions, which we detail in this paper: i) What do we currently know about the social and ecological processes in commercial ICLS? ii) What knowledge about these processes do we lack that prevents us from understanding the likely social and environmental outcomes if ICLS are adopted on a wide scale and the factors that may limit adoption? iii) What is the source of these knowledge gaps? iv) What data, models, and analysis should be prioritized to address these knowledge gaps and their sources?
Answers to these questions are necessary to help define priorities for the scientific community, funding agencies, and practitioners to advance ICLS research across multiple disciplines. They can also help set the agenda for more applied work and partnerships among farmers, researchers, and non-profit organizations and help design systems, management options and policies which will help disseminate ICLS across an array of potentially interested communities.
The following paper represents a systematic effort based on the aforementioned workshop and additional literature review to answer these questions, particularly as they pertain to large scale, commercial agricultural systems. To structure our findings, we identified four fields of inquiry relevant to ICLS. These fields of inquiry include: i) Nutrient flows and crop performance in ICLS; ii) Animal performance, health, and welfare in ICLS; iii) Emergent ecosystem properties of ICLS; and iv) Social benefits and barriers to ICLS adoption.
Based on this review and synthesis we summarize whether major knowledge gaps are due to data or model limitations, or both. We then discuss key priorities to advance research on ICLS in the future based on our analysis.
This work builds on the results of a global consultation on ICLS (FAO, 2010) and several other comprehensive reviews of current knowledge related to ICLS in commercial systems in Australia, Brazil, Europe, and the United States (Bell and Moore, 2012; Bonaudo et al., 2014; de Moraes et al., 2014a; Lemaire and Franzluebbers, 2013; Martin et al., 2016; Peyraud et al., 2014; Russelle et al., 2007; Sulc and Franzluebbers, 2014) . Most of these reviews focus on the benefits of ICLS within a single geographic region, although some also touch on challenges for their adoption. We extend these reviews by synthesizing research on commercial ICLS between regions and including more information on the social aspects of ICLS. More importantly, we use this synthesis of current knowledge to highlight remaining knowledge gaps and identify future research priorities.
ICLS in the focal regions
This paper focuses on current knowledge of ICLS in Australia, Brazil, France, New Zealand, and the United States due to our interest in larger scale, commercial agricultural systems and the existence of sufficient prior research on ICLS in these regions. There are likely other countries (i.e. Canada) where commercial ICLS can be found, but there is little existing research from these regions (a major knowledge gap in and of itself).
Within the focal regions, ICLS systems take a variety of forms but typically involve cereals and sheep or beef cattle (Table 1) . Large farms (> 20 ha) are the most common and dominate the landscape (except for Brazil where large farms comprise 40% of the farms but 95% of the area) (Adamopoulos and Restuccia, 2014; Lowder et al., 2016) . In all regions, large scale monocultures and/or continuous pasture systems contribute greatly to the country's major environmental challenges, including greenhouse gas emissions, water and air pollution, salinization, and biodiversity loss (Lapola et al., 2013; Monaghan et al., 2007; Rengasamy, 2006; Stoate et al., 2001; Tilman et al., 2002) .
Despite the commonality of large farm sizes, the focal regions span a range of social (policy, culture, and economic) and ecological (climate, topography, and vegetation) contexts Peyraud et al., 2014) , which makes their comparison helpful for understanding how differing social and ecological contexts affect outcomes in com-mercial ICLS. In fact, objectives and rational for ICLS adoption greatly varies between the commercial systems considered here. A key objective of the integration of pasture and grazing into continuous, specialized cropping systems are to reduce fertilizer applications, GHG emissions, and water pollution (Franzluebbers, 2007; Russelle et al., 2007) . Across all systems, an additional goal of ICLS is to help farmers reduce their reliance on costly external inputs, achieve greater selfsufficiency, and reduce risk to climate and market fluctuations (Bell and Moore, 2012; Bonaudo et al., 2014) . For arid regions, objectives also include a reduction of total external water needs per unit of food produced (Allen et al., 2005) . In contrast, in regions where extensive grazing is common, a major focus of integrating cropland into livestock systems is to help improve soil quality and pasture productivity to increase stocking rates and spare natural vegetation from further agricultural expansion (de Moraes et al., 2014a) .
Census data and prior research suggest that commercial ICLS were once common across these regions, but are now quite rare Peyraud et al., 2014; Sulc and Franzluebbers, 2014) , except for Australia and New Zealand. The low prevalence and diversity of ICLS within large scale commercial farming systems in the focal regions stands in stark contrast to their abundance within smaller scale, rainfed or dryland farming systems within Asia and Africa. As of 1996, "mixed" crop-livestock systems were estimated to provide over 50% of the world's meat and over 90% of its milk (Thornton and Herrero, 2001) . Approximately 75-90% of the ruminant livestock present in South and Southeast Asia are located on integrated farms (Devendra and Thomas, 2002) and most of the dryland farming systems of Sub Saharan Africa integrate crops and livestock (Powell et al., 2004 ). An investigation of the social and ecological knowledge related to commercial ICLS can thus contribute to better understanding of why ICLS are so rare in highincome as compared to low-income country contexts and their potential benefits if adopted on a wide scale.
Nutrient flows and crop performance in ICLS

What do we know?
Shifts in soil health and pest incidence with livestock integration influence both crop and pasture productivity of ICLS. The direction of this relationship is highly dependent on climatic, biophysical, and comanagement variables. For example, in Australia, Brazil, and Europe the incorporation of grasses and forages into cropland has been shown to increase yields in subsequent soybean, corn, and rice as well as livestock productivity (Bell et al., 2014; de Moraes et al., 2014a; Finn et al., 2013; Lunardi et al., 2008) . In the United States grazing cattle on pasture and forages has had no impact on yields of subsequent corn or cotton crops, though it has helped reduce fertilizer and irrigation water needs (Allen et al., 2005; Sulc and Tracy, 2007) . While the magnitude of these effects varies with biophysical conditions, including soil type, temperature and, precipitation patterns, and the photosynthetic efficiency of the grass species (Assmann et al., 2007; Costa et al., 2014; Drinkwater et al., 1998; Ma et al., 2003; Mazzoncini et al., 2011; Russell et al., 2006) , livestock integration often increases total food yields per unit of applied N and P thanks to more productive use of residual soil nutrients Sartor et al., 2011) .
The integration of a grazed forage crop can also enhance soil organic carbon (SOC) which provides multiple co-benefits such as accumulation and retention of N and P and other ecosystem services, except when external fertilizer applications are excessive Palmer et al., 2017) . Land-based livestock integration enhances C-, N-, P-, and S-cycling (Acosta-Martínez et al., 2010; Archer and Smeins, 1991; Drinkwater et al., 1998; Soussana and Lemaire, 2014) , but the impacts on carbon and nutrient accumulation remain strongly influenced by co-management factors such as N and P fertilization, tillage methods, rotation length and grazing intensity (de Faccio Carvalho et al., 2010; de Lima Wesp et al., 2016; Savian et al., 2014) . SOC is usually highest under high N fertilization combined with no-till planting (Lal, 2004 (Lal, , 2011 Mazzoncini et al., 2011) . Benefits of grazing can decline or even reverse at high stocking rates (de Faccio Carvalho et al., 2010; Drinkwater et al., 1998) when N and P levels become undesirably high and heterogeneous, resulting in potentially higher N and P runoff if fertilizer applications are not managed accordingly (Russelle et al., 2007; Snow et al., 2014) . However, if carefully managed, integrated fertilization strategies which account for N and P credit from manure can help reduce losses (Rotz et al., 2009) and N addition on a grazed forage can eliminate the need for N applications on a subsequent grain crop while maintaining yields (Assmann et al., 2003; Sandini et al., 2011) .
What don't we know?
Although extensive information is available in annual crop systems, little is known about the carbon and nutrient dynamics of livestock grazing in the understory of perennial orchards or vineyards (Russelle et al., 2007) . In addition, there is very little information on K or S dynamics across all systems. Given how dependent these processes are Table 1 Types of field scale, commercial ICLS present in studies included in this review by country. Estimates of ICLS abundance are obtained from national agricultural censuses (Eurostat, 2010; IBGE, 2006; Statistics New Zealand, 2012; USDA, 2012) , except for Australia where data come from Bell and Moore (2012 • Sulc and Franzluebbers, 2014 • Tracy and Zhang, 2008 to the specific context (what crops, climate, soils, rotation, and comanagement practices), very little is understood about the generalizability of existing case studies and which factors are more important for determining outcomes. Additionally, there is a need for more information on the potential co-benefits of changes in carbon and nutrient cycles and improved biodiversity. Finally, progress in plant breeding for these systems have been extremely slow and little information is available about forage and crop target traits are most beneficial in ICLS.
Animal performance and related outcomes in ICLS
4.1. What do we know?
4.1.1. Meat and milk production In regions with low natural soil fertility, pastures that are overgrazed and not amended with soil correctives (e.g. lime and fertilizers) and resown with desirable species become degraded quickly, often resulting in low animal productivity, land abandonment and combined with new deforestation to source more fertile soils (Balbino et al., 2011; Walker et al., 2000) . In these places ICLS can serve an important role in livestock intensification by contributing to enhanced soil fertility and pasture productivity thereby improving forage quantity and quality and animal nutrition and by reducing direct costs of pasture reclamation (Domiciano et al., 2016) . Among existing studies in Australia, Brazil, and the United States there is strong evidence that sheep and beef cattle meat production per unit of land (assessed via changes in daily animal weight gain) is at least equal to, if not substantially higher in ICLS than in pure pasture systems (de Moraes et al., 2014b; Dove et al., 2015; Faria, 2016; Sulc and Franzluebbers, 2014) . However, with the exception of an intensification strategy based on biological nitrogen fixation by legumes (Valentim and Andrade, 2005) , initiatives are dependent on high N fertilizer inputs to improve pasture productivity (Assmann et al., 2010) . Grazing intensity is a key factor influencing outcomes in both continuous pasture systems and ICLS (de Lima Wesp et al., 2016; Kunrath et al., 2014) . Moderate grazing intensities tend to result in the best outcomes; low intensity grazing can result in an underutilization of pasture productivity, while at higher grazing intensities individual animal performance can be reduced (de Faccio Carvalho et al., 2007) .
By increasing pasture productivity, ICLS has the potential to increase stocking rates and reduce time to slaughter, resulting in higher land use efficiency and potentially sparing land for other uses or forest (Oltjen and Beckett, 1996) . For example, in Brazil, stocking rates can be increased from 1 head/ha in extensive pastures to at least 2 head/ha in ICLS (Bonaudo et al., 2014) and the life cycle of grazed cattle can be reduced from an average of 36 months (Millen et al., 2011) to as low as 16 months (de Lima Wesp et al., 2016) .
Resource efficiency
ICLS has less impact on productivity where pastures are already well managed (Hill et al., 2003; Janovick et al., 2003; Moore et al., 2009; Veysset et al., 2014) . In these regions a more important benefit of ICLS practices is higher weight gain or milk production per unit cost and nutrient emissions (through lower use of feeds and feed concentrates). For example, in the northeast United States, replacing concentrate feeding with grazing in an integrated crop and dairy system has been shown to maintain milk production while reducing P soil accumulation and increasing profits (Rotz et al., 2002) .
What don't we know?
Despite the findings presented above, previous studies have concluded that animal performance is under-represented relative to crop performance in ICLS studies (de Moraes et al., 2014b; Sulc and Franzluebbers, 2014) . Most existing studies in the focal regions focus on ruminants, namely sheep and cattle, due to their enhanced benefits (carbon and nutrient cycling, weed suppression, etc.) via grazing and their greater overall prevalence (versus other forms of ruminants, such as buffaloes and goats). There is very little information on the outcomes associated with integration of monogastrics (birds or swine) in cropping systems in the focal regions, as is more common in highly diversified organic or biodynamic farming systems.
There is almost no literature on ICLS using a mixture (rather than a single species) of livestock in a synergistic capacity. There is also little understanding of animal behavior, genetics, reproduction, welfare or meat quality (de Moraes et al., 2014b) . Existing evidence on animal welfare comes mainly from the silvopasture literature and is inferred from grazing behavior and productivity gains. In silvopasture, animal welfare may be improved through less exposure to stressful microclimatic conditions and less time spent grazing (Karki and Goodman, 2010; Paciullo et al., 2008) . Additional knowledge gaps include the survival of pathogens in animal manure in ICLS systems and subsequent infection or transmission to other individuals within the herd or potential implications for food safety. A recent study showed that pathogens in manure can survive for considerable amount of time under open-air conditions (Biswas et al., 2016) .
Emergent ecosystem properties of ICLS
5.1. What do we know?
Biodiversity
The incorporation of a pasture phase in a crop rotation cycle can have dramatic effects on the abundance and composition of aboveground and soil communities. ICLS tend to have a higher fungal: bacterial ratio than continuous cropping systems, in addition to greater microbial biomass (Acosta-Martínez et al., 2010) and more stable microbial communities (Lacombe et al., 2009 ). However, increases in total microbial biomass and cycling enzyme activity depend on grazing intensity and tillage practices (Patra et al., 2005) . ICLS using moderate grazing intensities tend to have higher microbial diversity compared to other management systems (Chávez et al., 2011; Moraes et al., 2014) but lower than perennial pastures (Borges et al., 2009 ). Abundance and diversity of soil macrofauna also increases under ICLS, especially under no-till (Marchão et al., 2009) . Shifts in microbial biomass and composition can be an important driver of soil C and C input (Sankaran and Augustine, 2004) . Mixtures of row crops, pastures, and trees within farm landscapes increases habitat for local wildlife (Karlen et al., 1994; Russelle et al., 2007; Wilkins, 2008) , β-biodiversity, that is, the degree of heterogeneity in species compositions between landscape patches (Verdade et al., 2014) and ecosystem services, such as pollination and predation on agricultural pests (Bretagnolle et al., 2011; Tscharntke et al., 2005) .
Pest and disease control
Biological control can increase or decrease within more diversified farming systems (Chaplin-Kramer et al., 2011) , since non-crop elements in the landscape may harbor pests and diseases along with beneficial species (Purcell and Saunders, 1999) . Nevertheless, several studies have found that the integration of perennial forages and grazing into annual croplands has reduced disease and weed abundance in annual crops, thereby reducing biocide applications and the need for tillage (Harvey and McNevin, 1990; Johnson et al., 1999; Russelle et al., 2007) . Diversifying landscapes, through introduction of cover crop and sodbased crop rotations, has also been shown to reduce pressure from insect and nematode pests through a combination of increased predatory insect habitat (Tillman et al., 2004) and disruption of pest lifecycles (Hartzog and Balkcom, 2003) . It is generally agreed that monocropping requires significantly more fertilizer and biocide applications compared to more diverse, integrated systems that include a rotation of the land under different plant species (Martinelli et al., 2010; Pimentel, 2005; Smil, 1999; Tilman et al., 2001 ).
GHG mitigation
Substituting animal manure for synthetic fertilizers decreases CH 4 and N 2 O emissions in ICLS (Salton et al., 2014; Zanatta and Salton, 2010) . However, the use of no-till amplifies the GHG mitigation benefits of ICLS, particularly in tropical regions, by reducing soil oxidation and organic material decomposition Mangalassery et al., 2015; Sulc and Franzluebbers, 2014; Wanniarachchi et al., 1999) .
As an alternative to continuous livestock production, ICLS can also result in lower GHGs per unit of food and land via faster weight gain and higher stocking rates. When compared to intensive cattle farms, lower GHGs are due to lower reliance on imported feeds, which have numerous GHGs embedded in them (via fertilizer and fuel use) and require substantial energy to transport (Adler et al., 2015) . In addition, manure produced in intensive cattle farms is usually stored in a lagoon that contributes to greater methane emissions if not covered (Montes et al., 2013) .
Drought and heat tolerance of crops
The structural and biological complexity of ICLS is assumed to promote greater resistance to stress events and faster recovery speed after stress. Stress events include climatic aberrations such as heat waves and drought (Shennan, 2008) , as well as extreme events such as hurricanes and floods. For soy production, ICLS have been shown to experience smaller productivity losses than non-integrated systems during low-rainfall years (Salton et al., 2014) . However, soy-corn rotations faced with recurrent drought years have produced mixed results, with the effect of tillage (no-till versus conventional tillage) often being more important than livestock integration to mitigate yield losses (Franzluebbers and Stuedemann, 2014) and under high grazing intensity, ICLS may negatively affect soil moisture (Martins et al., 2016) . The majority of evidence in support of ICLS contributions to increased climate resilience come from the positive effects on related variables such as soil organic matter content (Tracy and Zhang, 2008) and associated biogeochemical buffering (Murphy, 2015) , soil structure (Salton et al., 2008) , microbial abundance (Acosta-Martínez et al., 2010), and improved water and nutrient retention (Allen et al., 2007; Bell et al., 2014; Haan et al., 2006) , rather than direct crop yield responses to climate stress.
What don't we know?
The potential of ICLS to reduce nutrient leaching compared to very high intensity livestock systems remains to be quantified and few studies compare the pollution implications of ICLS versus confinement systems. Similarly, there is a great deal of interest, but little data on sediment loads in ICLS under different rotational schemes. In general, higher animal stocking rates are expected to result in higher erosion (Briske et al., 2011) .
Despite the potential for GHG reduction from ICLS, few life cycle data are available to evaluate this potential systematically across production systems. GHG impacts will be highly dependent on the level of intensification in ICLS and the degree of spatial and system integration (Lemaire and Franzluebbers, 2013) . N 2 O emissions from manure are also uncertain and the conditions for partial denitrification and methods to facilitate complete denitrification to atmospheric N require further study. With respect to resilience there is some evidence of enhanced crop resistance and recovery to climate stresses, but there is less information on whether ICLS are more resistant to pest and disease stresses.
Overall, there is very little understanding of the trade-offs between different ecosystem services discussed above across different types of ICLS or between ICLS and continuous production systems (Garbach et al., 2016) . This is a limitation of the existing agroecology literature more generally, as most studies focus on only one or two (often correlated) ecosystems services. As such, there is little information to inform multi-criteria policy decisions or understand differential impacts on different stakeholders.
Social benefits and barriers to ICLS adoption
6.1. What do we know?
Economic costs and benefits
The economic benefits of ICLS are even more context dependent than the ecological outcomes because they depend simultaneously on the markets, technologies, and policies in a given region that influence production costs and output prices, as well as the biophysical and climate factors that influence pasture productivity and meat and milk production. The relative economic benefits of ICLS at the field level also depend on the system to which they are being compared, whether or not farmers are able to achieve economies of scope vis-à-vis more specialized systems, and the existence of other integration opportunities at the territorial scale (Martin et al., 2016; Veysset et al., 2014) .
In comparison to extensive, continuous rainfed beef cattle production (e.g. Southeast Australia, Brazil), ICLS with both pasture and oilseeds and grains can result in substantially higher profitability (Dove et al., 2015; Katsvairo and Cox, 2000; Lunardi et al., 2008) . In some places they can also be more profitable than continuous cropping (de Oliveira et al., 2013; Ryschawy et al., 2012) , but these results depend on the costs of external inputs and labor costs. Where (and when) fertilizers are very costly and labor costs are very low, integrated systems will be more attractive than systems that rely heavily on external inputs (all intensively managed specialized systems) or mechanization (specialized cropping systems in particular) (Janovick et al., 2003) . Additionally, if the full social costs of fertilizers are internalized via policies taxing carbon or nitrogen, or if nitrogen emissions are heavily regulated, then ICLS will also be more attractive . In places where seasonal feed scarcities result in high feed costs (e.g. Australia), ICLS will have substantially lower costs than specialized livestock operations (Bell et al., 2014) .
Risk mitigation and resilience
A more generalizable observation about ICLS is that these systems can provide a more stable and diversified source of income throughout the year versus continuous crop or livestock production, which helps farmers reduce their risk to all types of shocks (Bell et al., 2014; Franzluebbers et al., 2011; Ryschawy et al., 2012; Sanderson et al., 2013) . When producers have both livestock and crops already present on their farm they can more easily adjust levels of each system increasing their resilience to major changes in prices or weather, rather than trying to bring entirely new sets of crop or animal systems into production (Bell and Moore, 2012; Dynes et al., 2010) . These benefits appear particularly strong among small farmers where the income smoothing and reduced weather risks associated with ICLS have disproportionately large impacts on household resilience (Ryschawy et al., 2012; Thornton and Herrero, 2014) . However the impacts of diversification on income resilience may actually be higher in larger farms (Abson et al., 2013; Bell and Moore, 2012) .
Barriers and incentives
ICLS tend to require greater managerial intensity, knowledge and capital (to invest in both crop and livestock infrastructure) than continuous crop or pasture systems (Bell and Moore, 2012; Niles et al., In review) . The use of rotations requires extensive planning and potential reductions in short-term output in favor of longer-term resilience (Gil et al., 2016) . A pasture-crop rotation that requires cattle to be moved frequently may require more labor, or more skilled labor, than an extensive system with no pasture rotations or a completely mechanized monoculture. Husbandry of livestock year-round involves leisure tradeoffs in comparison to seasonal crop production. ICLS, by virtue of including both crops and livestock, requires a greater diversity of supply chain infrastructure and higher upfront costs than continuous cropping or livestock. Adequate processing facilities, marketing channels, and transportation routes for both systems must be present (Gil et al., 2016; Moraine et al., 2014) . ICLS adoption also requires a supportive policy environment. Where environmental policies regulating carbon and nitrogen emissions are strong, climate insurance is lacking, tariffs on imported feeds are high, and food safety policies do not prohibit the presence of animals in cropland areas, ICLS will likely be more abundant .
Culture is an important factor influencing preferences related to ICLS and access to information about ICLS. In particular, farmers' traditions of using continuous production systems and norms of valuing single crop yields rather than farm-level performance inhibit their use of ICLS (Sulc and Tracy, 2007) . Social prestige associated with different forms of agriculture and historical experiences with cropping versus livestock systems are also important motivators of behavior (Gil et al., 2016) .
What don't we know?
Very little is known about the landscape level economic resilience benefits of adopting either field level or territorial forms of ICLS, though several recent studies have begun to tackle this important subject (Martin et al., 2016; PoccardChapuis et al., 2014) . In terms of the net social benefits of integrated systems, to date there has been no comprehensive calculation of the total economic value to society of the changes in GHG emissions, water quality, and water usage that emerge from ICLS vis-à-vis continuous cropping or pasture. Such accounting is necessary to evaluate whether or not these systems result in higher net social benefits and should be encouraged through policy incentives.
Of key importance, yet poorly understood, is the role of knowledge systems and social networks in influencing farmers' access to information and perceptions about the costs and benefits of ICLS versus continuous crop or pasture, or their agricultural preferences and attitudes related to ICLS. Agricultural research and extension agencies, civil society groups, and farmer-to-farmer knowledge transfers can all influence the adoption of best management and sustainable practices (Breetz et al., 2005; Lubell et al., 2014; Prokopy et al., 2008; Risgaard et al., 2007 ). Yet it remains unclear what types of knowledge are more critical for ICLS adoption and what vehicles for knowledge transfer are most effective for behavior change: formalized scientific knowledge from extension agents, traditional knowledge from neighbors and friends, or other sources. The adoption of ICLS may be particularly sensitive to the configuration of agricultural knowledge systems, since these systems are often organized around single commodities. Additional knowledge gaps around ICLS uptake include the role of gender, farm succession, and cooperation (see Fig. 1 ).
Common sources of knowledge gaps across all fields
Lack of long-term, ecosystem-scale experiments and animal infrastructure
Although long-term studies assessing agronomic and biogeochemical outcomes in ICLS exist within certain regions, data characterizing the outcomes of commercial ICLS remains sparse in many parts of the focal regions. Long-term datasets are particularly valuable in understanding co-benefits of shifts in soil C, such as changes in soil structure and nutrient availability, which may take years to detect following changes in tillage or cropping systems (Giller et al., 2009) . System scale experiments and monitoring equipment will be necessary to collect data on emergent aspects of ICLS such as net GHG, N runoff, biodiversity, long-term herd dynamics, and animal welfare.
One factor limiting data acquisition on animals in ICLS in particular is that many cropping experiment stations lack adequate infrastructure and staffing to support animal management and shelter. Consequently, animals are sometimes rented for the purposes of including a grazing cycle in ICLS experiments. The result of this is a much greater focus on the cropping aspects of the experimental program than the animal performance and welfare. Such systems are also weak with respect to considering the long-term management, performance and welfare of both individual animals and the herd.
Inadequate modeling capacity
Due to the scarcity of experimental systems and the absence of GHG or N-cycle monitoring at system scales in most of the regions of the world, scientific analysis must rely heavily on models to examine potential outcomes. Many existing publicly-accessible models of commercial ICLS fail to capture the full suite of synergies between crop and livestock systems leading to emergent outcomes. Known examples include the IFSM, used primarily in the United States (Rotz et al., 2005) , APSIM (Holzworth et al., 2014) and OVERSEER (Wheeler et al., 2003 (Wheeler et al., , 2006 , used primarily in New Zealand, and FSSIM, used primarily in Europe (Louhichi et al., 2010) but even these models fail to capture all the factors identified as important above. For livestock in particular, most modelers ignore the heterogeneous nutrient return associated with grazing (see the review by Snow et al., 2014) , while others approach the issue by coupling specific models (McGechan and Topp, 2004; Romera et al., 2017) . These coupled models are complex, cumbersome to use, limited in applicability and may fail to fully capture the nutrient feedbacks within the system in terms of soil and nutrient processes. New methods that incorporate additional feedbacks between crops and livestock components, while remaining pragmatic with respect to model complexity are needed. Recently, Snow et al. (2017) documented such a method for grazed crops, and approaches such as these might be incorporated into more models to capture the important aspects of nutrient cycling in ICLS. Applying existing models to study ICLS performance under climate change is particularly problematic since empirical evidence is lacking as to the effect of crop-livestock integration on climate resilience.
Few comparable socioeconomic datasets
Isolated datasets of household socio-economic conditions, the economics of monoculture systems, and the economics of certain complex smallholder systems have been developed, yet very few large datasets have been collected specifically to examine the economies of scope that may be present in commercial ICLS. We have no global dataset of national ICLS adoption rates, let alone more spatially explicit adoption rates. Most agricultural censuses do not fully capture this information. Previous efforts to estimate "mixed" crop and livestock systems by countries and ecoregions, e.g. Robinson et al. (2011) focus on low-income countries and are not very precise for understanding field level integration. They estimate the prevalence of mixed systems using a combination of remotely sensed cropland and rangeland data, growing season information, and population density. Spatially explicit information on the global extent of ICLS is necessary to better understand the environmental impacts of current agricultural practices globally, their potential resilience to changes in climate, as well as the social and ecological factors are associated with higher or lower uptake across regions.
Conceptual and methodological difficulties in linking ICLS research between scales
Amidst the continued challenges of analyzing the social benefits of ICLS at the field or farm scale, there is additional difficulty in trying to integrate crop and livestock systems beyond the farm . Not only do the relevant metrics of analysis sometimes differ between scales, but also the methods by which these metrics are assessed varies (Poccard-Chapuis et al., 2014) . Farm level outcomes and objectives can be assessed through household interviews, while community level outcomes and possibilities rely on participatory and focus group research with high community involvement. At both scales the development of ICLS knowledge is also challenged by a lack of farmer engagement to better understand the type of information farmers need to support their decision to utilize or not utilize ICLS.
Broader challenges
The development of the necessary experiments, surveys, and modeling tools needed to assess commercial ICLS is inhibited by compartmentalized thinking and case-specific research objectives across different research units. Across existing commercial scale ICLS experiments within the focal regions there is a lack of similarity between the specific crops and livestock examined as well as the underlying climatic, economic, and policy contexts, which impedes rigorous comparative analysis. Even more poignantly, there can be stark differences in the spatial scale (field versus territory) and temporal domains of interest (co-location within a year, i.e., intercropping versus co-location over multiple years i.e., rotations) within each research unit. Despite these differences, great potential exists to standardize methodologies across the many disciplinary and spatial components of ICLS research. It will continue to be difficult to link crop and animal models if we lack a common modeling protocol or if social and ecological scales cannot be aggregated to comparable scales. Finally, collaborations for ICLS research can be inhibited by intellectual property rules that limit data and model sharing. The publication of anonymized or aggregate open access datasets may help to overcome this limitation, as can efforts to synthesize existing research.
Priorities to advance ICLS research
Much progress has been made in understanding the individual components of ICLS and beginning to assess the complexities and feedbacks among their functional, ecological and social components, particularly at the field and farm level. However, major knowledge gaps remain about the implications of ICLS within the broader social and ecological systems in which they are embedded. Further work is now necessary to establish and continue scientific research in this area, as well as to advance collaboration on data collection and model development across continents.
First, it will be necessary to establish common survey and sampling protocol for ICLS indicators in future data collection efforts, such as agricultural censuses, so that data can be aggregated and compared between regions (for example in FAOStat -www.fao.org/ faostat/). Agricultural censuses should include questions about the use of various types of ICLS on farms, accompanied by clear definitions about what is meant by ICLS. To avoid confusion, provide an additional layer of certainty, and aid aggregation efforts across regions, censuses should also ask about the specific practices underpinning ICLS (e.g. grazing animals on crop residues, grazing animals in the orchard understory, rotating crop and pasture areas, etc.). In a similar vein, comparability between experimental stations would be greatly enhanced by developing common measurement protocols and experiments of a similar organization and duration.
Research units across countries should establish common modeling protocols that will better enable coupling of crop and livestock systems. Protocols exist for managing data relevant to cropping systems such as the ICASA standard (White et al., 2013) , but these do not include provision for data related to livestock and are also focused on Summary: Existing knowledge and knowledge gaps about commercial ICLS What we know: ICLS can enhance soil organic carbon (SOC) accumulation and the availability of N and P in soils. It can also reduce N and P loss in soils. ICLS does not always increase yields in absolute terms, but it often increases yields per unit of N or P input. Nutrient and crop performance outcomes are dependent on biophysical context, and to an even greater degree, co-management factors. The use of ICLS can improve meat and milk production per unit of land in regions where pastures are poorly managed and per unit cost in regions where feed inputs are seasonally scarce. Outcomes are highly dependent on grazing intensity. Biomass and diversity of soil microbes and macrofauna tend to be higher and disease and weed abundance tend to be lower in ICLS versus continuous cropping systems. ICLS often have lower GHG emissions per unit of land compared to continuous cropping systems and lower GHG emissions per unit of food in comparison to continuous grazing or animal confinement systems. In certain contexts, ICLS provide higher profits than continuous pasture and continuous crop systems, but more generally they provide increased self-sufficiency and resilience to market and climate shocks. Farmers perceive numerous non-monetary benefits and challenges associated with ICLS that may support or offset the monetary benefits associated with these systems. As substantially more complex systems than continuous systems, ICLS have higher up-front costs and require a more diverse set of knowledge and supply chain infrastructure and a supportive policy environment.
What we don't know: Nutrient flows and crop performance are less well known in integrated tree-crop-livestock systems and there is little understanding of how contextual factors influence the generalizability of existing case studies. Little is known about monogastrics in ICLS or animal behavior, genetics, reproduction, and health in ICLS among all animal types. It remains unclear how species diversity in ICLS compares to continuous cropping or pasture systems or how nutrient emissions and sediment loads compare to high intensity livestock systems. Knowledge on the net GHG and nutrient emissions per unit of food produced is limited and tradeoffs between different ecosystem services in ICLS are rarely analyzed. Understanding of farmers' perceptions of ICLS, the landscape or regional impacts of ICLS if adopted on a wide scale, and the market and climatic conditions under which ICLS will have the highest levels of economic benefits versus continuous systems remains limited. R.D. Garrett et al. Agricultural Systems 155 (2017) 136-146 the plot or field scale. These formats have not kept pace with recent innovations in model software, particularly with respect to cloud-based delivery of data, and the standards have limited reach into to wider ecosystem of modeling efforts worldwide (Holzworth et al., 2015) . There seems to be renewed activity in data standards (e.g. (Ginaldi et al., 2016; Romero et al., 2012) ) and interoperability (Antle et al., 2016) and some of these efforts include consideration of the data needs with respect to crop-livestock interactions. To facilitate coupling of crop and livestock models data on a similar time-scale, e.g., daily, are needed. Similarly, the output and input requirements of these models need to match. In understanding the barriers and opportunities for the wide-scale adoption of ICLS it would be useful to establish common protocols for focus group, survey and scenario building exercises with farmers, stakeholders, and policy makers. If emerging efforts in Europe to analyze territorial scale impacts of ICLS are replicated in other regions (Moraine, Melac, et al., 2017; Ryschawy et al., 2017) , there would be increased opportunities for generating generalizable knowledge about how landscape level transformation in agricultural systems could be achieved, a subject that is of broad interest to the sustainable agriculture community. In regions with a longer history of ICLS research and technology transfer, interviews, focus groups and surveys should be undertaken with practitioners to help codify existing knowledge and lessons learned. In some contexts, it would be helpful to partner with NGOs, businesses, and extension organizations that already work with farmers to monitor the effects of best practices and to create new portals for citizen science, whereby farmers can selfreport their management practices.
In addition to a common protocol for collecting data, a clearinghouse should be established where relevant data that has already been collected can be accessed and utilized. Examples from related research areas include the International Forestry Resources Institute database and the United States Department of Agriculture Life Cycle Inventory database. The establishment of such a clearinghouse in combination with more standardized protocols for surveying and modeling would support much-needed meta-analyses to assess generalizable outcomes. To support all of these efforts an ongoing working group and scientific steering committee should be established to meet periodically to identify current state of knowledge and missing links. This effort can build on the three past international conferences on integrated crop, livestock, and forestry, which were held in Brazil (2007, 2012, and 2015) .
Conclusions
A growing body of research suggests that re-integrating crop and livestock production at the field level may provide benefits for overcoming social and ecological challenges facing an increasingly globalized food system. However, to fully assess the potential benefits and costs of commercial ICLS systems across multiple farm types, scales, and environments of complex socioecological systems, additional research is needed. Baseline empirical data is especially critical to increase the sophistication and multidisciplinarity of modeling efforts that may help span these geospatial data limitations. Although further study is needed, there is already enough evidence for action, and it is essential to monitor and approach this with adaptive management in mind.
Here we have outlined the existing knowledge and knowledge gaps related to the social and ecological elements of ICLS, along with the sources of our knowledge gaps, to demonstrate the research, data and coordination efforts necessary to advance our understanding of ICLS. There are significant challenges involved in acquiring new sources of data to help address these gaps, particularly given historical limitations in funding for diverse, complex systems that require long-term research. In addition, the need for comparable data across many locations and conditions may be further limited by funding structures that seek to promote national systems and agendas.
While these are large obstacles to overcome, our efforts must be expanded and accelerated towards coordinating an international network of ICLS researchers working towards achieving some of the goals identified here, particularly related to the establishment of common protocols and opportunities for sharing data. Additionally, this international ICLS network would enable comparisons across different benchmark sites with different socioecological systems.
By synthesizing current research and knowledge gaps on ICLS and prioritizing the needs for future action, we hope that this work can lead to greater understanding and coordination among researchers and stakeholders, advancing the science and, where relevant, implementation of ICLS to address key social and ecological challenges. It is only through adequate data and unified research efforts that we can diagnose the drivers of impact within a system, and consequently understand how, why, and under what conditions ICLS can provide benefits over current agricultural systems.
Contribution statement
R. D. Garrett and M.T. Niles designed the study. All authors participated in the workshop that served as the basis for the study and/or helped to draft and edit the manuscript.
